
  
Short Abstract — Synonymous codon usage in protein 
coding sequences affects gene expression. Current 
understanding of this effect is limited to rapidly growing 
cells in nutrient-rich media. Here, we experimentally 
demonstrate a novel role for synonymous codon usage in 
protein coding sequences – as a determinant of translational 
robustness in nutrient-limited environments. Guided by a 
recent model [3], we hypothesize that the sensitivity in 
translation rate to nutrient limitation is determined by a 
balance between the supply and demand for charged tRNA 
isoacceptors. Using fusions of arginine codon cassettes to 
the green fluorescent protein gene, we determined that the 
translation rate of arginine synonymous codons varied in 
sensitivity to arginine limitation. We could further modulate 
this sensitivity by increasing supply (intracellular arginine 
tRNA) or demand (intracellular mRNA) for arginine tRNA 
isoacceptors. We found that mutating robust synonymous 
codons to sensitive ones in arginine biosynthesis genes leads 
to a sizeable decrease in fitness during response to arginine 
starvation. 

I. BACKGROUND 
HE degeneracy of the genetic code allows for a single 
protein to be encoded by a large number of DNA 

sequences. Multiple synonymous codons encode 18 of the 
20 common amino acids. During normal growth conditions, 
synonymous codons read by abundant tRNA isoacceptors 
are typically translated faster [1] and more accurately [2] 
than those that are decoded by rare tRNA isoacceptors. 
However, it remains unknown how synonymous codon 
usage affects gene regulation in response to environmental 
changes. Recent studies [3, 4] indicate that tRNA 
isoacceptors vary in their charging levels for their cognate 
amino acid during starvation. Guided by these results, we 
hypothesized that synonymous codons that are read by 
tRNA isoacceptors with high charging levels during 
starvation, can confer robustness to the translation rate of the 
corresponding mRNA. In contrast, codons read by tRNA 
with low residual charging levels will make the translation 
of the corresponding mRNA sensitive to amino acid 
starvation. 
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II. RESULTS 
To measure the translation rates of the arginine synonymous 
codons in E. coli, we created six fusion constructs that each 
encoded five N-terminal arginine residues fused to the Green 
Fluorescent protein. For each construct, the N-terminal 
residues were encoded by a single arginine synonymous 
codon (AGA, AGG, CGA, CGC, CGG, or CGT). We cloned 
the fusion constructs downstream of a constitutive promoter 
on a very low copy plasmid. We worked with an arg- mutant 
that requires supplemented arginine for normal growth in a 
minimal medium. We induced partial arginine starvation by 
substituting a slowly hydrolyzed arginine analog, arginine 
methyl-ester, for the arginine.  

By comparing the ratio of protein synthesis rates between 
arginine-limited and arginine-rich growth conditions, we 
identified which codons were robust (AGA, AGG and 
CGG), intermediate (CGT and CGC), and sensitive (CGA) 
to arginine limitation. The translation rate of robust codon-
gfp constructs expressed from a high copy plasmid became 
sensitive to starvation. When we compensated for this high 
demand by simultaneously increasing the supply of the 
corresponding tRNA, the codon translation rates were robust 
to starvation again. To determine whether the robust codons 
confer a fitness advantage in natural genes, we mutated the 
robust codons to the sensitive codon in genes for enzymes in 
the arginine biosynthesis pathway (carA or argA). We 
compared the growth lag induced by arginine starvation 
between the wild-type and mutated strains. We found that 
the carA mutant had a growth lag that was twice as long as 
that of the wild-type strain. The argA mutant had the same 
growth lag as the wild-type strain. 

III. CONCLUSIONS 
This work demonstrates that in amino acid limited 
conditions, the translation rate of synonymous codons can be 
either robust or sensitive. We have shown that robust 
synonymous codons in an arginine biosynthesis gene confer 
a sizeable fitness advantage over sensitive codons during 
response to arginine starvation. Our results unveil a novel 
mechanism of post-transcriptional gene regulation that is 
based on the degeneracy of the genetic code. 
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